A description is given of a generic EGSnrc Monte Carlo user code, GenUC, which was developed as an attempt to simplify and optimize the geometry and scoring coding of EGSnrc user codes. GenUC was developed using the methodology of combinatorial geometry that allows a straightforward implementation of complicated geometric setups with intersecting boundaries, where subsequent modifications to the geometry are easily performed. Presently, GenUC has five elemental volumes that can be defined in any position in space: spheres, ellipsoids, parallelepipeds, and circular cylinders and cones. The mortran macro-based implementation of the combinatorial geometry package allows an easy definition/extension of any other elemental volume, e.g., elliptical cylinders and cones. The scoring of the relevant parameters and the output of the results in GenUC are performed with two CERN data analysis packages, which permit the generation of nonplanar phase space distribution files and can also be used for geometry verification, among many other capabilities. GenUC has been successfully applied to complex geometric setups, e.g., intracavitary brachytherapy applicators and was also benchmarked against the EGSnrc user code, DOSRZnrc.
I. INTRODUCTION
The EGS [1] [2] [3] Monte Carlo ͑MC͒ code system consists of a package of subroutines describing the interaction of the electromagnetic cascade with matter and the cross section database to be used in the simulation. EGSnrc 3, 4 is the new version of the EGS MC code system, where the electron transport and the physics algorithms were substantially altered in comparison with its previous version, EGS4, and recently published work [5] [6] [7] shows the validity of the modifications and improvements.
Usually, for a particular simulation problem it is the user's responsibility to write a user code, consisting of the MAIN program and the necessary subroutines for the tracking of the transport through the geometry, the scoring of the relevant parameters and the output of the results. The coding process of the geometry-and the scoring-related subroutines can become extremely complex and sometimes a relatively simple modification requires a great deal of programming effort. Attempts to minimize this disadvantage in the EGS user codes have been suggested over the years but, generally, users have not taken advantage of this. The user codes EGS4/UCMARS 8 and EGS4/DOSCGC 9 are examples of this, and because they were developed for specific applications ͑high-energy physics and brachytherapy, respectively͒, probably, explains why they did not have general acceptance.
The user code EGS4/UCMARS was developed for the simulation of complex geometric arrangements with a repeated structure, such as a calorimeter. The combinatorial geometry package incorporated in this user code is MARS 10 ͑Multiple Array System͒, developed at the ORNL. The user code EGS4/ DOSCGC is a modified version of EGS4/DOSRZ, incorporating the combinatorial geometry package suggested by Bielajew, 11 and was developed for brachytherapy MC calculations. 12 The drawback of this user code is that it can only be used for photon transport problems because the PRESTA algorithms for the electron transport are still for plane-cylinder geometry. 9 In this paper GenUC ͑acronym for Generic User Code͒ is presented, which incorporates the combinatorial geometry package suggested by Bielajew 11, 13 and the CERN 14 -16 scoring and plotting tools. GenUC allows a straightforward implementation of complicated geometric setups with intersecting boundaries, where subsequent modifications to the geometry are easily performed. The CERN graphical packages permit the generation of nonplanar phase space distribution files and can also be used for geometry verification. Throughout the paper the EGSnrc MC code system is used, but the geometry and the scoring capabilities implemented for GenUC can also be applied to the EGS4 code system. Indeed, the improved scoring capabilities can also be easily implemented in any other MC code system that comes with a user accessible source code. GenUC has been successfully applied to complex geometric setups, e.g., intracavitary brachytherapy applicators, and was also benchmarked against the EGSnrc user code, DOSRZnrc.
II. COMPARISON OF EGSnrc AND EGSnrcÕGenUC USER CODES
A. EGSnrc user codes Figure 1 shows a schematic diagram of the EGSnrc MC code system and its connection with the user-written subroutines, thus constituting an EGSnrc user code. ͓The diagram is an adaptation of Fig. 17 of the EGSnrc manual ͑Ref. 3͒ ͑used with permission͒.͔ The user should not modify the EGSnrc code level, while at the user code level all subroutines that are explicitly user dependent are found. In MAIN, the user must initialize the media, geometry, and scoring attributes of the simulation problem and also define the incident particle parameters for the shower. From MAIN, the user code communicates with the EGSnrc code system through HATCH-to load the cross-section database, and SHOWER-start of the simulation events. From SHOWER, the physics subroutines ELECTR or PHOTON are called and the interaction of the electromagnetic cascade with matter is fully simulated.
The tracking of the transport through the geometry is performed by the user-written subroutines HOWFAR and HOWNEAR. The subroutine HOWFAR calculates the intercept distance, s, from the particle's position and in the particle's direction to the geometry-limiting surface, being called from subroutines ELECTR and PHOTON ͑see Fig. 1͒ . The intercept distance is then compared with USTEP, a straightline distance along the particle's direction proposed by EGSnrc to transport the particle in the absence of geometry boundaries. If USTEP is greater than or equal to s, USTEP is shortened to s, and the new region number must be identified. Repeated boundary checking by HOWFAR can become very inefficient for charged particles when they are at a considerable distance to the nearest boundary, compared with the small steps they take, but subroutine HOWNEAR can help to avoid unnecessary calls to HOWFAR. The subroutine HOWNEAR calculates the minimum perpendicular distance, DNEAR, from the charged particle's position to the geometry-limiting surfaces and therefore it is only called by the subroutine ELECTR ͑see Fig. 1͒ . For charged particles only, the subroutine HOWFAR will be called when USTEP is greater than or equal to DNEAR.
Over the years, several geometry-related macros/ subroutines for the calculation of s were added to the EGS distribution package as auxiliary tools in the coding of the subroutine HOWFAR. They include the calculation of s for planes, spherical surfaces of any radius but centered at the origin and infinite circular cylindrical and conical surfaces defined along the z axis. For simple geometric setups, where the z axis can be used as the symmetry axis, the available macros suffice. The subroutine HOWFAR can be coded as a combination of these macros, where all possible boundary intersections and the identification of the new region must be explicitly considered for a particular simulation problem. Figure 2͑a͒ shows an adaptation of one of the examples from the EGS geometry course manual. ͓The manual is available at http://www.slac.stanford.edu/egs/docs/pdf/ Writing -HOWFAR.pdf ͑used with permission͒.͔ The subroutine HOWFAR is very simple for this example and makes use of the geometry macros available in the distribution package. The coding of HOWNEAR is also simple, because this subroutine only needs to calculate the perpendicular distances to planes and to a cylindrical surface. Figure 2͑b͒ shows the same geometry, but slightly modified-an off-axis cylindrical heterogeneity was introduced. The interested user will need to modify the presently available macros and to rewrite the subroutines HOWFAR and HOWNEAR in order to accommodate the alterations. This small modification to the geometry of the simulation problem shows one of the great difficulties in the EGS user codes: the geometry macros presently available are not general and the subroutines HOWFAR and HOWNEAR need to be modified and rewritten for each change made in the simulation geometry.
The scoring of the relevant parameters and the output of the results in EGSnrc user codes are performed in the userwritten subroutine AUSGAB ͑see Fig. 1͒ . EGSnrc user codes allow a high degree of flexibility in the scoring and output of the results but can demand a considerable programming effort from the user for nonstandard applications, e.g. scoring of a nonplanar phase space distribution file. 
B. EGSnrcÕGenUC user codes
The purpose of the development of the GenUC code is to minimize the difficulties of modifying and rewriting the geometry and scoring subroutines in EGSnrc user codes. When using GenUC, the geometry of the simulation problem and the scoring of the relevant parameters must be defined and initialized in two separate subroutines that are called from MAIN-thus defining an EGSnrc/GenUC user code. The geometry-related information is then used by the subroutines HOWFAR and HOWNEAR to calculate the intercept and the minimum perpendicular distances. The difference with standard EGSnrc is that the subroutines HOWFAR and HOWNEAR are coded in a generic way, making them independent of the geometric setup being simulated and, consequently, separate from the user code level. The scoring of the relevant parameters and the output of the results are performed with the help of the CERN graphical packages.
14 -16 Figure 3 shows a schematic diagram of GenUC and how it relates to the EGSnrc MC code system and to the user code level. In the following paragraphs, a description of the GenUC code and of the user code levels is presented.
EGSnrcÕGenUC structure
(a) GenUC code level. The GenUC code level is an intermediate level between the user and the EGSnrc code levels. 17 It comprises the geometry and scoring modules, which contain the subroutines/programs that are independent of the EGSnrc/GenUC user code being developed. The user should not modify this code level.
Geometry Module: The GenUC geometry module contains the subroutines HOWFAR, HOWNEAR, and the auxiliary subroutines DISTANCE and LOCATE ͑see Fig. 3͒ . The subroutine DISTANCE calculates the intercept distance, s, and the subroutine LOCATE finds the new region, in case there is a region change. The macros used in subroutines DISTANCE and HOWNEAR are adapted from the algorithms described in Bielajew's report 11 on geometry modeling for MC particle transport and on the macros used in the EGS4/dosrz user code.
Scoring Module: The capabilities of scoring, information output and data analysis in EGSnrc/GenUC user codes were greatly improved by implementing the HBOOK 15 and PAW 16 CERN packages. These graphical packages are part of the freeware CERNlib Program Library, 14 ͑The software can be found at http://wwwinfo.cern.ch/asd/cernlib.͒ and their implementation can be performed in any MC code system that comes with a user accessible source code.
The HBOOK package enables the user to define, fill, and output one-and two-dimensional histograms, scatter plots, tables, and N-dimensional phase space distributions, termed ntuples. An ntuple can be thought of as a table where the variables, such as the particle's position, direction, energy, etc., are in the columns and each event is in a row. Once the events are stored in this form, it is easy to perform N-dimensional analysis and to produce one-to threedimensional projections of combinations of any of the variables using the PAW package. Also, the phase space distributions can be used later as input sources in a different MC code that has a user accessible source code, using the HBOOK capabilities. 17 Different predefined subroutines may be called from the subroutine AUSGAB ͑see Fig. 3͒ , depending on whether the user wants to obtain one-or two-dimensional histograms ͑HF1, HF2͒ or to generate phase space distribution files ͑HFN, HFNT͒. The function HF2 can be used for geometry verification purposes because it is possible to define a twodimensional scoring grid and fill it with the deposited energy, thus obtaining a well-defined pattern for the geometric setup. The generation of the phase space distribution files is straightforward because the user will only need to define the variables to score and where to perform the filling of the ntuple, through a geometry-related condition.
(b) User code level. The user code level comprises the subroutines that need to be written by the user for every EGSnrc/GenUC user code being developed. It includes the MAIN program, the subroutine AUSGAB, and two subroutines responsible for the definition and initialization of the geometry and scoring of the simulation problem.
Geometry Initialization: The subroutine GEOMETRY initializes the subroutines responsible for the tracking of the transport through the geometry, and it is called once from MAIN at the start of the simulation ͑see Fig. 3͒ . The geometric set-up of the simulation problem is coded on a regionby-region basis, i.e., the geometry is separated into regions that are defined from the innermost to the outermost regions and the elemental volume ͓Bielajew 13 defines an elemental volume as ''a region of space that can be specified uniquely by a set of logical conditions related to being inside or outside the constituent surfaces'' ͑p. 125͒. In GenUC, an elemental volume only represents a solid volume defined by a set of surfaces, e.g., a finite cylinder.͔ associated with a region will only occupy the space left by the previously defined elemental volumes. For example, let us consider two concentric spheres: the inner sphere defines the first region and the outer sphere, which will only occupy the space not enclosed by the inner spherical surface, defines the following region-a hollow spherical region.
The user must define the following for each region: region and medium numbers, elemental volume associated with the region and its dimensions, the number of immediate ͑first͒ neighbors of the region, and, for a certain number of these neighbors, if the particle is to be considered inside or outside the surface defining the elemental volume. These variables are subsequently used in subroutines HOWFAR and FIG. 4 . Geometric setup with an off-axis cylindrical heterogeneity in the GenUC approach. The region number 1 represents the vacuum exterior of the simulation geometry, region 2 is an air heterogeneity defined by the off-axis cylinder and region 3 is defined by a water cylinder.
HOWNEAR to calculate the intercept and the minimum perpendicular distances to a surface. 11, 13, 17 Presently, GenUC deals with the following elemental volumes: spheres, ellipsoids, parallelepipeds, and circular cylinders and cones, which can be defined in any position in space. Currently, the lengths of the ellipsoid semiaxes can only be defined in the x, y, and z directions.
The immediate or first neighbors of a region include all regions that are in direct contact with it, i.e., the region itself and the immediate inner and outer regions. The concept of the first neighbors of a region can greatly improve the efficiency of EGSnrc/GenUC user codes for complicated geometric setups because the subroutines DISTANCE and HOWNEAR will only be called for these regions instead of all the regions defining the geometry of the simulation problem. It also allows a surface intersection of the elemental volumes because the sequence by which the first neighbors of a particular region is defined establishes the order by which the subroutine DISTANCE is called to calculate the intercept distance.
Scoring Initialization: The subroutine EGSHBOOK initializes the subroutine AUSGAB and it is called once from MAIN at the start of the simulation ͑see Fig. 3͒ . In this subroutine, the HBOOK output file is opened and the histograms and ntuples are defined. 15, 17 The scoring and therefore the filling of the histograms and ntuples are performed in the user-written subroutine AUSGAB, via calls to the predefined subroutines from the GenUC scoring module ͑see Fig. 3͒ .
III. EXAMPLES OF EGSnrcÕGenUC USER CODES
As mentioned previously, for a particular geometry and scoring problem the user develops an EGSnrc/GenUC user code consisting of the MAIN program and the user-written subroutines GEOMETRY, EGSHBOOK, and AUSGAB ͑see Fig. 3͒ . The coding of the user-written subroutines is straightforward because the user only needs to initialize the geometry and the scoring of the simulation problem, making use of the predefined subroutines located at the GenUC code level. In the following sections, some examples of EGSnrc/ GenUC user codes are presented that illustrate the definition of off-axis elemental volumes, the implementation of surface intersection of the elemental volumes, and the coding of a complicated geometric setup like a brachytherapy applicator.
A. Off-axis elemental volume
The geometric setup with an off-axis cylinder shown in Fig. 2͑b͒ is easily coded with GenUC. Figure 4 shows the same geometric setup but in the GenUC approach, where the region numbers and the cylinders' dimensions and compositions are identified. The region number 1 is reserved to define the vacuum surrounding the geometry being simulated.
For geometry verification purposes only, a 10 MeV isotropic photon point source positioned at the center of the air heterogeneity was used to obtain two-dimensional plots of the deposited energy with HBOOK, using the predefined subroutine HF2 with a 1ϫ1 mm 2 scoring grid for the deposited energy. Figures 5͑a͒ and 5͑b͒ show the images obtained with PAW in the default mode, where a higher concentration of black means a higher value for the deposited energy, and they clearly show the off-axis cylinder. hand side, and for geometry verification purposes only, twodimensional plots of the deposited energy are presented, also showing the spheres' dimensions. The helium and the bone spheres are centered at the origin while the cerrobend sphere is shifted in z by 8 cm. Again, a 10 MeV isotropic photon point source positioned at the origin was used. The plots were acquired with HBOOK, using the predefined subroutine HF2 with a 1ϫ1 mm 2 scoring grid for the deposited energy and displayed with PAW. The display mode used here shows the two-dimensional plot as a surface with Gourad shading, where the third dimension is the deposited energy value in the scoring grid. 15, 16 The viewing angles were changed in order to display the image as if it was standing out from the page.
B. Intersection of elemental volumes
As stated previously, the first neighbors of a region must be defined in subroutine GEOMETRY and it includes the region itself and the immediate inner and outer regions. The order in which the first neighbors are defined is very important because it defines which of potentially several alternative boundaries the user wishes to establish between neighboring regions. It also defines the order in which DISTANCE will calculate the intercept distance. In the geometric setup shown in Fig. 6͑a͒ , region 2 has two first neighbors: regions 2 and 4; region 3 has three: 3, 4, and 5; region 4 has four: 2, 3, 4, and 5; and region 5 has three: 3, 4, and 5. If the user wanted to have the helium sphere partly inside the cerrobend sphere, the definitions of regions 3 and 4 would be swapped, as shown in Fig. 6͑b͒ . The sequence of first neighbors for region 3 ͑now, the helium sphere͒ would be regions 2, 3, 4, and 5 and for region 4 ͑now, the cerrobend sphere͒, regions 3, 4, and 5. FIG. 6 . Schematic diagram of a geometric setup with intersecting spheres in the GenUC approach, showing the region numbers and the materials associated with each region, and two-dimensional plot of the deposited energy in the xz plane. A 10 MeV isotropic photon point source positioned at the origin was used for this application. ͑a͒ The cerrobend sphere is partly inside the helium sphere. ͑b͒ The helium sphere is partly inside the cerrobend sphere.
C. Complex geometric set-up: Brachytherapy application
GenUC is being successfully used in the development of EGSnrc/GenUC user codes to generate nonplanar phase space distribution files of the particles ͑photons and electrons͒ crossing the surface of complex intracavitary brachytherapy applicators. 18 In subroutine GEOMETRY, the applicator geometric setup is fully described and the subroutine AUSGAB specifies how and where the phase space distribution file is going to be generated. Figure 7͑a͒ shows a schematic diagram of the GenUC geometric setup for a vaginal brachytherapy applicator, with an emphasis on its complicated structure at the rounded tip. The prescribed dose is delivered by means of a combined sequence of active ( 137 Cs sources͒ and inactive pellets loaded into appropriate source carriers. 18 The geometry verification is provided by Figs. 7͑b͒ and 7͑c͒ for two different PAW plotting modes of the deposited energy in the xz plane: the default and the Gourad shaded surface, where the viewing angles were changed in order to display the image as if it was standing out from the page. The scoring grid for the deposited energy was 1ϫ1 mm 2 . Figures 7͑b͒ and 7͑c͒ show with great detail how GenUC copes extremely well with complicated geometric setups, including the intersection of elemen- tal volumes. The rounded applicator tip was obtained through the intersection of a sphere and a cylinder elemental volumes.
For this application, the nonplanar phase space distribution file is generated by every particle that crosses the applicator surface and enters the surrounding vacuum exterior of the simulation geometry. This geometric condition is easily defined in AUSGAB because of the region-based coding structure of GenUC, i.e., the user only needs to specify the old and the new regions the particle has to cross in order to fulfill the requirement of leaving the applicator surface. Every time the condition is satisfied the relevant parameters ͑charge, energy, position, and direction͒ are scored via a call to the predefined ntuple subroutine HFN or HFNT.
IV. GenUC BENCHMARK AGAINST THE EGSnrcÕDOSRZnrc USER CODE
The brachytherapy-related EGSnrc/GenUC user codes were successfully benchmarked against the PENELOPE 19 MC code system, as the work by Fragoso et al. 18 shows. EGSnrc/ GenUC user codes were found to be 9.7 times faster than their PENELOPE user codes counterpart. The benchmarking of GenUC against a well-established EGSnrc user code was also desirable and relevant, but the plane-cylinder geometrybased structure of all widely accepted EGSnrc user codes limited this comparison study.
The EGSnrc/DOSRZnrc user code was chosen for this study. The MC transport parameters, the source, the geometrical and material inputs, i.e., all relevant simulation variables were identical for the GenUC and DOSRZnrc user codes. The central axis depth dose curves were calculated for a 3.0 MeV electron ͑see Fig. 8͒ and a 1.25 MeV ͑see Fig. 9͒ photon pencil beams impinging a water cylindrical phantom, with a 100 cm radius. The small graph insert, in Figs. 8 and 9 , shows the percentage difference between the two user codes, ͑GenUC-DOSRZnrc͒ϫ100/DOSRZnrc.
The agreement between the two user codes is excellent for both the electron and photon beams. For the electron beam, there is an increase in the percentage difference as the scoring depth increases but the values are still smaller than the simulation statistical uncertainty ͑around 1.8%, at the tail of the curve͒. The same order of magnitude was obtained for the execution time, EGSnrc/GenUC being slightly faster.
V. CONCLUSIONS
GenUC was developed to simplify and optimize the geometry and scoring coding of EGSnrc user codes. Initially, GenUC was envisaged for brachytherapy dosimetry studies, but its generic structure and relatively easy geometry and scoring coding makes it applicable for other radiation transport problems that can be defined by the currently available elemental volumes.
EGSnrc/GenUC has been successfully applied to complex geometric setups, e.g., intracavitary brachytherapy applicators and was also benchmarked against the EGSnrc/DOSRZnrc user code, where no significant differences were found.
In a final remark, it must be stated that the BEAM 20 code is widely used for external beam therapy MC studies but, unfortunately, it is not suited for brachytherapy applications. In this respect, GenUC can now be a possible choice for the MC user who wants to use the EGSnrc MC code system for their brachytherapy dosimetry studies.
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